Despite the impressive impact of CTLA4 and PD1-PDL1 targeted cancer immunotherapy, a large proportion of patients with many tumor types fail to respond. Consequently, the focus has shifted to targeting alternative inhibitory receptors (IRs) and suppressive mechanisms within the tumor microenvironment. LAG3 (CD223) is the third IR to be targeted in the clinic, consequently garnering considerable interest and scrutiny. LAG3 up-regulation is required to control overt activation and prevent the onset of autoimmunity. However, persistent antigen exposure in the tumor microenvironment results in sustained LAG3 expression, contributing to a state of exhaustion manifest in impaired proliferation and cytokine production. The exact signaling mechanisms downstream of LAG3 and interplay with other IRs remains largely unknown. However, the striking synergy between LAG3 and PD1 observed in multiple settings, coupled with the contrasting intracellular cytoplasmic domain of LAG3 as compared with other IRs, highlights the potential uniqueness of LAG3. There are now four LAG3-targeted therapies in the clinic with many more in preclinical development, emphasizing the broad interest in this IR. Given the translational relevance of LAG3 and the heightened interest in the impact of dual LAG3/PD1 targeting in the clinic, the outcome of these trials could serve as a nexus; significantly increasing or dampening enthusiasm for subsequent targets in the cancer immunotherapeutic pipeline.
Introduction
Upregulated expression of inhibitory receptors (IRs) is essential to balance co-stimulatory receptor activity and limit T cell activation, thereby preventing autoimmunity, autoinflammation and tissue damage. However, tumors can hijack these so-called immune checkpoint mechanisms as protection against anti-tumor immune responses elicited by CD4 + and CD8 + T cells. First described in a chronic viral setting, tolerized antigen-specific T cells display elevated expression of IRs within the tumor microenvironment, corresponding to functional unresponsiveness as measured by reduced proliferation and cytokine release (1, 2) . Along with recruitment of regulatory T cells (T regs ), the resulting immune tolerance creates multiple barriers for effective tumor elimination (3, 4) . Thus, recent cancer immunotherapeutic approaches have aimed to reverse such exhaustion by targeting IRs "to release the brakes" allowing re-invigoration of cytotoxic T cells to attack tumors.
Early success targeting CTLA4 and PD1 resulted in impressive tumor remission in patients with several tumor subtypes, which led to cancer immunotherapy being highlighted as a significant breakthrough by the leading scientific journals in 2013 (5, 6) . Although Ipilimumab (Bristol-Myers Squibb, humanized anti-CTLA4 IgG1 monoclonal antibody [mAb] ), Pembrolizumab (Merck, humanized anti-PD1 IgG4 mAb) and Nivolumab (BristolMyers Squibb, humanized anti-PD1 IgG4 mAb) can yield objective responses in a significant proportion of patients with a broad spectrum of tumor types, the majority of patients do not respond (7, 8) . For example, only 28% of patients with advanced melanoma and 21% of patients with renal cell carcinoma (RCC) receiving Nivolumab demonstrated objective responses (8) . While some tumor subtypes previously thought to be difficult to treat, such as non-small cell lung cancer (NSCLC), are responsive to PD1 blockade, other less immunologically-inflamed tumors, such as pancreatic and prostate cancers, remain relatively resistant (9) . Thus, identification of additional IR targets, and a clear mechanistic understanding of their function, is essential to increase the activity of combinatorial cancer immunotherapeutic approaches.
With the U.S. FDA-approval of multiple therapeutics that target the PD1/PDL1 pathways, attention has turned to other IRs such as LAG3, TIGIT and TIM3 (10) (11) (12) . Moreover, clinical trials are ongoing to determine the optimal combination of immunotherapeutics; not only combining antagonistic mAbs against different IRs, but also with other front-line modalities including chemotherapy, radiation therapy and/or cancer vaccines. As a result, the number of possible immunotherapy regimens has grown exponentially, giving rise to the rationale that synergistic combinations should yield significant clinical improvement compared with current monotherapies (13) .
stages of clinical and pre-clinical development. As a result of the increased interest in LAG3 as a therapeutic target, there is considerable interest in gaining a greater understanding of the biology and mechanism of action of LAG3. In this review, we will provide an in-depth description of the functional role of LAG3, and highlight its expression pattern, interacting ligands and regulation. The translational rationale for targeting LAG3, deriving from exciting pre-clinical data in a number of murine models, will be discussed followed by a complete analysis of the historical and current state of clinical trials utilizing LAG3 immunomodulators. While a thorough understanding of LAG3 biology is important for the optimal design and interpretation of clinical trials, there are still many questions that remain regarding the biology and function of LAG3, along with the mechanistic interplay with other IRs, which will be highlighted in this review.
LAG3 Discovery and Structure
LAG3 was discovered by Triebel and colleagues in 1990 as a novel 498-amino acid type I transmembrane protein identified on activated human NK and T cell lines (14) . The LAG3 gene is located adjacent to CD4 on chromosome 12 in human (chromosome 6 in mouse). Further, LAG3 was predicted to be highly structurally homologous to CD4 with four extracellular immunoglobulin superfamily (IgSF)-like domains (D1-D4) ( Figure 1 ). LAG3 and CD4 also exhibit rigidity between the D1 and D2 domains and between the D3 and D4 domains due to a long, continuous β-strand that extends between these domains, but with relative flexibility between the D1-D2 and D3-D4 substructures (15, 16) .
Although these two genes are evolutionarily similar with adjacent chromosomal localization and the same intron/exon organization (both have eight exons), the two molecules share only ~20% amino acid sequence homology (14) . Despite this, structural motifs are highly conserved between LAG3 and CD4, translating to the same extracellular folding patterns resulting in LAG3 being able to bind MHC class II, albeit at a distinct site and with a greater affinity than CD4 (15) . There is little sequence similarity in the transmembrane and cytoplasmic regions, indicating the two molecules diverged early in evolution, resulting in LAG3 having a distinct yet undefined mechanism of downstream signaling and consequent inhibitory function.
Unlike CD4, which binds MHC class II over an extended contact surface area consisting of a relatively large number of amino acid residues (17) , LAG3 utilizes an additional loop consisting of only 30 amino acids in the D1 domain between the C and C′ β strands that is not present in CD4 (15) . The D2 domain has been shown to be essential for LAG3-MHC class II ligation, and is perhaps involved in positioning the D1 domain (15) . While the D3 and D4 domains are dispensable for binding, they may be required to extend the D1 domain within reach of MHC class II.
Biochemical analyses suggested that LAG3 molecules expressed on the cell surface dimerize via the D1 domain (18) . In contrast, a soluble monomeric form of LAG3 (sLAG3), generated by alternative splicing, was suggested to be released by IFNγ-producing CD4 + T cell clones (19) . More recently, it was shown that sLAG3 (containing D1-D4) can be shed from the cell surface via proteolytic cleavage of the membrane-proximal connecting peptide (18) . Although LAG3 cell surface oligomerization is relatively weak, it may be required for stable MHC class II interaction. Indeed, LAG3-Ig fusion proteins (which are divalent), bind to cell surface MHC class II with mAb-like efficiency, yet cell surface-shed sLAG3 is a monomer and does not bind MHC class II with any appreciable affinity.
LAG3 was suggested to be spatially associated with the TCR:CD3 complex clustered in lipid raft microdomains to allow for clustering of signaling molecules and the formation of the immunological synapse (20) . However, a detailed understanding of the association of LAG3 with the TCR:CD3 complex and its mechanism of action is currently lacking.
LAG3 and CD4 possess some unique structural and molecular differences in their cytoplasmic domains that likely mediate their divergent functions. LAG3 lacks a binding site in the cytoplasmic tail for the tyrosine kinase p56 Lck , which CD4 utilizes to facilitate signal transduction downstream of the T cell receptor (TCR) (15) . Instead, the LAG3 cytoplasmic domain appears to have three definable motifs, which are largely conserved phylogenetically ( Figure 2 ). First, LAG3 possesses a serine-based motif which could act as a PKC substrate (two serine residues in humans; one in mice [Ser 454 ]). Interestingly, there are no tyrosine (or threonine) residues, limiting phosphorylation events that might initiate signal transduction via protein kinases or phosphatases. Consequently, the intracellular tail of LAG3 does not have immunoreceptor tyrosine-based inhibition motifs (ITIM) or immunoreceptor tyrosinebased switch motifs (ITSM). These motifs are often used by other IRs to engage Src homology 2 (SH2) domain-containing protein tyrosine phosphatases, such as (SHP)-1/2 that are used by PD1 to limit TCR signaling (21) . Mutation of Ser 454 does not abrogate LAG3 function in CD4 + T cells (22) . LAG3 does, however, possess two distinct motifs in the cytoplasmic tail first noted when LAG3 was cloned (23), which will be further discussed with respect to LAG3 signaling later in this review. One is a repetitive "EP" motif consisting of a series of glutamic acid-proline dipeptide repeats. The second is a relatively unique "KIEELE" motif, highlighted by an essential lysine residue. Both regions are conserved between human and mouse with LAG3 overall sharing 70% protein sequence identity (15) . The conserved features of the cytoplasmic domain are demonstrated by alignment of the human LAG3 sequence with many other species (Figure 2 ).
LAG3 Ligands

MHC Class II
Given the structural similarity between LAG3 and CD4, it is perhaps not surprising that MHC class II molecules are also ligands for LAG3 (Figure 1 ). COS-7 cells transfected with human LAG3 were shown to form rosettes with MHC class II-expressing human B lymphoblastic cell lines, these rosettes were disrupted with blocking antibodies against LAG3 or HLA-DR (15, 24) . Mutagenesis studies confirmed that LAG3's interaction with MHC class II involves a restricted number of amino acid residues found in the proline-rich D1 loop of LAG3, a structural feature that is not present in CD4 (15) . Moreover, the binding affinity of LAG3 for MHC class II was found to be ~100-fold greater than CD4 (Kd: 60nM) (25, 26) . This led to the hypothesis that LAG3 competes with CD4 for MHC class II binding, thus negatively impacting CD4 function. While LAG3 mutants that do not bind to MHC class II exhibit reduced function (15, 22) , LAG3 cytoplasmic tailless mutants neither compete with CD4 nor mediate the inhibitory effects of LAG3, suggesting that transmission of a inhibitory signal via its cytoplasmic domain is a critical aspect of its function (22) . Furthermore, rat anti-mouse LAG3 (C9B7W) does not block the LAG3:MHC class II interaction and yet is a potent inhibitor of LAG3 function in vitro and in vivo (27) (28) (29) . Taken together, these data suggest that while MHC class II binding by LAG3 may be involved in its function, LAG3 probably does not function primarily by disrupting CD4:MHC class II interactions. Rather, it is likely that LAG3 transmits inhibitory signals via its cytoplasmic domain (22) , although the precise nature of this signaling remains unknown.
Human melanoma often expresses MHC class II molecules and this expression is associated with poor prognosis (30) . Thus, MHC class II ligation of LAG3, which is highly expressed on melanoma-infiltrating T cells, may facilitate their clonal exhaustion. As demonstrated in vitro, such an interaction may contribute to an escape mechanism by tumor cells as protection against apoptosis, as this was not evident in MHC class II-negative tumor cell lines (31) . In fact, a recent study showed that MHC class II-expressing melanoma cells attracts an infiltration of tumor-specific CD4 + T cells, perhaps mediated by interaction with LAG3, which in turn negatively influences CD8 + T cell responses (32) .
Alternative Ligands
Since LAG3 impacts CD8 + T cell function to a comparable extent as CD4 + T cells, it is puzzling how LAG3 binding to MHC Class II could influence the function of CD8 + T cells. While this interaction might impact CD8 + T cell interaction with APCs, LAG3 may not mediate the same effects when it interacts with target cells that don't express Class II MHC. Thus, some have speculated that there may be additional LAG3 ligands (Figure 1 ).
In terms of alternative ligands, LAG3 is extensively glycosylated and it has been suggested that it can interact with Galectin-3, a 31-kDa lectin that has been shown to modulate T cell responses through a variety of mechanisms (24) . LAG3 was also shown to be essential for Galectin-3-mediated suppression of CD8 + T cell-secreted IFNγ in vitro (33) . Galectin-3 is expressed by many cells within the tumor microenvironment, albeit not the tumor itself, thus interaction with LAG3 on tumor-specific CD8 + T cells may regulate anti-tumor immune responses (34) .
Another potential ligand that may bind to LAG3 in a similar manner is liver sinusoidal endothelial cell lectin (LSECtin), a cell surface lectin that is a member of the DC-SIGN family (35) . LSECtin is expressed in the liver and has also been identified in human melanoma tissues where it promotes growth by inhibiting anti-tumor T-cell dependent responses (36) . The interaction between LAG3 and LSECtin in melanoma cells was found to inhibit IFNγ production by antigen-specific effector T cells (36) .
Interactions with these two potential alternative ligands may serve to broaden LAG3's impact on T cell function, particularly with regard to an intrinsic role for LAG3 on CD8 + T cells in the tumor microenvironment. Lastly, one cannot rule out the possibility that there may be additional ligands for LAG3 that remain undiscovered. Interestingly, it was recently shown that LAG3 binds α-synuclein preformed fibrils in the central nervous system, thereby facilitating pathogenesis in a mouse model of Parkinson's disease (37) . These data highlight the potential for other immunologically relevant ligands and also suggests a role for LAG3 outside the immune system.
LAG3 Expression
LAG3 is expressed on activated human T and NK cells (14) . Under physiological conditions, LAG3 is an activation marker for CD4 + and CD8 + T cells, and like other IRs including PD1, it is first detectable 24 hours after stimulation in vitro, with expression peaking at 48 hours before declining by day 8 in mice (27) . Persistent T cell activation in a chronic inflammatory environment, as in a tumor or during chronic viral infection, results in sustained coexpression of LAG3 on T cells that frequently co-express additional IRs (PD1, TIGIT, TIM3, CD160, 2B4) resulting in a state of T cell dysfunction, which will be discussed later in this review (1) .
Unlike effector T cells, thymic-derived tT regs constitutively express low levels of LAG3 in the resting state, which is enhanced upon activation. In a model in which hemagglutinin (HA) TCR transgenic-CD4 + specific T cells (clone 6.5) were transferred into C3-HA mice that express HA in multiple epithelial tissues, tolerized HA-CD4 + T cells became induced T regs , which also showed high LAG3 expression with potent regulatory activity (38) . In human cancer patients, LAG3 has been found to be preferentially expressed on tumor infiltrating T regs in a number of tumor subtypes as compared to the periphery. The role of LAG3 (and other IRs) on T regs in mediating exhaustion and/or functionality is somewhat controversial in this setting and will be discussed with respect to the translational relevance of these findings.
LAG3, when co-expressed with CD49b, was suggested to define a subset of peripherally induced IL10 + CD4 + type 1 T regulatory (Tr1) cells in both mice and humans (39) . Although Tr1 cells secrete high amounts of IL-10, surface markers that define this population have been ambiguous. Thus, the use of LAG3/CD49b as surrogate markers would allow phenotypic analysis of this suppressive cell type. However, a more recent study showed that expression of LAG3, amongst other IRs, is dynamic and not exclusive in defining these IL-10 producing cells (40) . Nevertheless, LAG3 contributes to Tr1 function as blocking LAG3 abrogated their suppressive activity (39) .
A small percentage (~18%) of γδ T cells also constitutively express LAG3, with significant levels of LAG3 mRNA present in TCRγδ intraepithelial lymphocytes (IEL) (27, 41) . However, the clinical and functional significance of LAG3 expression on this cell type is unknown. Additionally, TCRαβ + CD8αα + IEL express significantly increased levels of LAG3 as compared with TCRαβ + CD8αβ + IEL or the spleen (42) . LAG3 expression was also reported on activated B cells in a T cell-dependent manner, although those data have not been replicated (43) .
LAG3 is broadly expressed on several additional hematopoietic cell types, including CD11c low B220 + PDCA-1 + plasmacytoid dendritic cells (pDCs) that constitutively express LAG3 at a greater level than any other subset (44) . Resting pDCs have a ~70-fold increase of Lag3 mRNA as compared with resting T cells. Interestingly, while T cell LAG3 mRNA levels increase approximately 10 fold upon activation, CpG activation of pDCs did not enhance Lag3 mRNA expression. LAG3 mRNA has been detected in the red pulp of the spleen, which is a localization site for pDCs (27, 45) . Notably, LAG3 is not expressed on any myeloid or lymphoid DC subset. LAG3 is also expressed on NK cells (~10%) and invariant NKT cells (27) , although the significance of such expression is unclear.
Lag3 mRNA has also been detected in the thymic medulla and at the base of the cerebellum (27) . As discussed above, LAG3 has recently been shown to bind α-synuclein fibrils, triggering endocytosis into neurons (37) . This is significant as the pathogenesis of Parkinson's disease may result from cell-to-cell transmission of misfolded preformed fibrils of α-synuclein, thus it is possible that LAG3 blockade may have a role in the treatment of Parkinson's disease.
LAG3 Signaling
The LAG3 signal transduction mechanism is unknown. However, LAG3 possesses a distinct cytoplasmic domain not shared by other IRs suggesting that it may possess a unique mode of action. The LAG3 cytoplasmic domain has an unusual motif consisting of glutamic acid and proline di-peptide repeats ("EP motif") (23) (Figure 2 ). Early studies suggested that LAG3-associated protein (LAP), identified in a yeast two-hybrid screen, may bind to the EP motif (46) . Alternatively, LAP may facilitate LAG3 co-localization with CD3, CD4 and/or CD8 within glycosphingolipid-enriched microdomains (lipid rafts) (47) . Partitioning of costimulatory molecules into lipid rafts, followed by the formation of the immune synapse, concentrates signaling molecules to enhance TCR signaling. Thus, compartmentalization with IRs, including LAG3, may serve to prevent overt activation. Although LAP was initially hypothesized to be important for LAG3 signaling, LAG3 mutants lacking the EP motif retain activity -suggesting that it may not be essential for LAG3 function (22) .
One motif that does appear to be essential for LAG3 activity is the KIEELE motif that is conserved between all primates, mice and rats. A single lysine residue (Lys 468 in mouse) in this sequence is indispensable and is conserved across all species sequenced to date (22) ( Figure 2 ). As this motif does not appear to occur in any other protein, it may recruit or mediate an as yet unidentified signaling molecule or mechanism. Therefore, elucidation of potential LAG3 intracellular binding partners and signaling mechanism remains a top priority.
LAG3 may also mediate bidirectional signaling into the interacting APCs. MHC class II binding to LAG3-expressing T regs has been shown to inhibit DC activation, thereby suppressing their maturation (48) . CD86 upregulation was inhibited along with reduced IL-12 secretion mediated by an ITAM inhibitory signaling pathway involving FcγRγ and ERK-mediated recruitment of SHP-1. This is truly a reverse signaling mechanism as a LAG3 mutant without the cytoplasmic tail was sufficient to suppress DCs function. LAG3-expressing T regs may utilize this mechanism to enforce tolerance by indirectly inhibiting DC function. A similar reverse signaling mechanism for LAG3 was also evident in interaction between DC and melanoma cells. When exposed to LAG3-transfected cells, MHC class II-expressing, but not MHC class II-negative, melanoma cells were resistant to Fas-mediated apoptosis via activation of MAPK/ERK and PI3K/Akt survival pathways (31) .
Regulation of LAG3 Expression and Function
Although LAG3 clearly plays a negative regulatory role in controlling T cell activation and function, a second layer of control is mediated by modulation of LAG3 expression at the transcriptional level and also by cell surface shedding, which releases sLAG3 ( Figure 3 ). This additional layer of control over LAG3 expression may help to ensure optimal immunoregulation. LAG3 cleavage is mediated by the metalloproteinases ADAM10 and ADAM17 (A Disintegrin And Metalloproteinase domain-containing protein), which also cleave a wide range of transmembrane proteins including TNFα, CD62L and TIM3 (49) .
ADAM10 constitutively cleaves LAG3 on resting LAG3 + T cells. Following T cell activation, Adam10 mRNA increases ~12-fold 24 hours after activation, further enhancing shedding (50) . Unlike ADAM10, LAG3 shedding by ADAM17 only occurs following activation and its activity is controlled by serine phosphorylation in a TCR-and PKCθ-dependent manner. ADAM10 and ADAM17 cleave LAG3 within the connecting peptide between the membrane-proximal D4 domain and the transmembrane domain, releasing sLAG3 (18) (Figure 3 ). While no biological function for sLAG3 has been found, cleavage of LAG3 is required for optimal T cell function. Prevention of LAG3 shedding by generation of non-cleavable LAG3 mutants resulted in reduced proliferation and attenuated IL-2 and IFNγ production due to enhanced inhibitory activity (50) . Likewise, ADAM10 knockdown using a shRNA retroviral vector significantly inhibited proliferation and IFNγ release in a LAG3-dependent manner. Taken together, these results suggest that ADAM10/17-mediated LAG3 shedding acts in a negative feedback loop to moderate its inhibitory function.
The function of sLAG3 generated by LAG3 shedding has been controversial, with some studies considering this to be a "waste product" with no obvious biological function in vitro or in vivo (50) . However, one group has suggested that sLAG3 impairs the differentiation of monocytes into macrophages and DCs, which in turn have diminished immunostimulatory capacities (51) . From a clinical perspective, sLAG3 may serve as a prognostic biomarker as serum levels in patients with active tuberculosis correlated with a more favorable prognosis (52) . Further, it has been suggested that sLAG3 could serve as an early biomarker for type 1 diabetes onset, based on studies in non-obese diabetic (NOD) mice (53) . sLAG3 therefore may be a clinically relevant indicator of enhanced LAG3 expression within inflammatory sites -providing a rationale for studying sLAG3 in the serum of patients receiving immunotherapy. Indeed, in a cohort of 246 patients with metastatic hormone-receptor positive breast cancer, those with detectable serum levels of sLAG3 at the time of diagnosis demonstrated an advantage in both disease-free and overall survival compared with patients with undetectable levels of sLAG3. These correlative data support further studies to determine if sLAG3 could serve as a prognostic factor in human cancer and a predictive biomarker for the use of LAG3-targeted or other immunotherapies (18, 54) .
In addition to LAG3 shedding, another mechanism that regulates expression is its intracellular storage in lysosomal compartments, which may serve to facilitate rapid LAG3 cell surface expression following T cell activation (55, 56) . In resting T cells that have been previously activated, LAG3 is localized near the microtubule-organizing center (MTOC) in Rab11b + vesicles, which mediate endosomal recycling of transferrin receptors to the plasma membrane (56) . While LAG3 can be degraded in lysosomal compartments, it can also be rapidly translocated to the surface upon TCR stimulation to control the T cell response. The cytoplasmic domain of LAG3 was shown to be essential for its trafficking to the cell surface, mediated by protein kinase C signaling, although the two serine phosphorylation sites in the LAG3 cytoplasmic domain did not appear to be involved (55) . Lysosomal degradation is a major limiting step in the translocation of LAG3 to the cell surface, as blockade of lysosomal enzyme activity enhances surface expression.
Physiological Role of LAG3
Early studies suggested that LAG3 was a negative regulator of T cell activation and function since blockade of LAG3 on human CD4 clones resulted in enhanced proliferation with elevated production of IL-2, IL-4, IFN-γ and TNFα (57) . Likewise, LAG3-deficient (Lag3 -/-) CD4 + OT-II T cells also secreted more of these cytokines following in vitro stimulation, although with reduced expansion attributed to increased cell death (58) . Normal T cell function was restored following ectopic expression of LAG3, but not mutants that lacked either the entire cytoplasmic domain or the KIEELE motif. This study demonstrated that the largely conserved KIEELE motif mediates a cell intrinsic signal that is essential for the negative regulatory function of LAG3 on T cells.
Initial studies utilizing Lag3 −/− mice found no defects in the T cell compartment; here young (~5-week-old) mice were used for analysis (27) . However, further studies using aged mice (~16-week-old) revealed that the number of T cells had doubled compared with wild-type mice suggesting a role for LAG3 in regulating T cell homeostasis (28) . Lag3 -/-mice also have more Mac-1 + macrophages, Gr-1 + granulocytes and CD11c hi DCs, populations that do not express LAG3, suggesting a cell extrinsic impact mediated by an enhanced T cell compartment (28) . This suggests that there may be cell extrinsic homeostatic roles for LAG3 on other populations that have yet to be explored. To confirm whether the uncontrolled expansion of T cells was a result of LAG3 deficiency, Lag3 -/-or Lag3 +/+ mice were injected with the superantigen, staphylococcal enterotoxin B (SEB) which activates Vβ7/8 + T cells in an antigen non-specific manner. Following injection, a significant increase of SEB-reactive T cells was reported in the absence of LAG3 (59). Moreover, there was notable splenomegaly in Lag3 -/-mice on day 2 post SEB injection, which was not present in control wild-type mice. Further analysis showed that this increase resulted from a deficiency in cell cycle arrest and cell death. Similarly, an increased expansion of Lag3 -/-OT-II T cells following in vivo stimulation with OVA was also demonstrated providing further evidence that LAG3 negatively controls T cell homeostasis. Early studies further suggested that LAG3 expression may distinguish Th1 from Th2 cells; as in vitro studies showed that IL-12 stimulated LAG3 expression was abrogated by IFNγ blockade (59) . Subsequent work with human T cells suggested that LAG3 expression was not a reliable discriminatory marker for these subsets (60) .
A role of LAG3 in the control of memory T cell expansion was also shown following infection of Lag3 -/-mice with Sendai virus, a murine parainfluenza virus in which large populations of memory T cells persist in secondary lymphoid organs and peripheral tissues (59) . In this acute viral infection model, there was a significant increase in IFNγ-producing Sendai-specific CD4 + (HN 419-433 /A b ) and CD8 + (NP 324-332 /K b ) T cells in Lag3 -/-mice 30 days post-infection, as compared to wild-type mice. This suggested that LAG3 may control the size of the memory T cell pool. In a chronic viral infection model utilizing murine gammaherpesvirus 68 (MHV-68), a more limited role for LAG3 was shown with the number of viral specific CD4 + T cells peaking later at day 36 post-infection in Lag3 -/-mice, compared with day 21 in wild-type mice (59) . Unlike the acute viral model, there were no differences in the CD8 + T cell response in this model of chronic infection.
A more specific role for LAG3 on CD8 + T cells was demonstrated in a model of selftolerance. These studies used animals that expresses influenza HA as a self-antigen; HAspecific T cells (Clone 4) were adoptively transferred to HA-expressing hosts (61) . In this model, LAG3 blockade enhanced the accumulation of HA-specific CD8 + T cells. Likewise, adoptively transferred LAG3 -/-HA-specific CD8 + T cells expanded and produced large amounts of IFNγ, suggesting that LAG3 limits self-tolerance. In addition, a second model utilizing ProHA × TRAMP mice that express HA as a prostate-specific, tumor-associated antigen resulting in a spontaneous tumor-tolerizing environment, expansion of HA-specific clone 4 CD8 + T cell effectors was observed following LAG3 blockade and Vaccinia virus-HA vaccination (61) . Moreover, these CD8 + T cells regained effector function, as shown with an increased frequency of IFNγ producing cells. The effect elicited by blocking LAG3 was shown to be a CD8 + T cell intrinsic effect, and was not dependent on CD4 + T cells. Further studies using this model demonstrate that distinct CD8 + T cell sub-populations develop rapidly after antigen encounter under these tolerizing conditions, with differential LAG3 and PD1 expression levels (62) . These subsets have different cytolytic function, with the LAG3 neg PD1 hi subset functionally inferior to the LAG3 + PD1 int subset with respect to IFNγ release. LAG3 expression on T regs has also been shown to be required for maximal suppressive activity, as blockade abrogates T reg function in in vitro proliferation assays (38) . In addition, anti-LAG3 blocked protection mediated by antigen-specific CD4 + T regs in an in vivo model of pulmonary vasculitis (38) . These findings suggested that LAG3 was essential for T reg function in this model, which would otherwise suppress the infiltrating effector T cells that mediate disease pathogenesis. Additionally, transfection of LAG3 in non-T reg CD4 + T cells resulted in the acquisition of a regulatory phenotype, with reduced proliferation of cocultured responder T cells. This gain of immunosuppressive function occurred with transfection of full-length LAG3 but not a truncated mutant lacking the cytoplasmic tail. More recent studies have shown that LAG3 promotes T reg differentiation whilst LAG3 blockade inhibits T reg induction (63) . This study also showed that blockade or genetic deletion of LAG3 skewed CD4 + T cells into a Th1 phenotype, with LAG3 limiting IL-2 and STAT5 signaling that modulates the ability to be suppressed by T regs . Other studies also support a role for STAT5 in LAG3 signaling; T cells in which STAT5 was specifically knocked out did show enhanced proliferation in response to LAG3 blockade in a wellcontrolled homeostatic proliferation model (63) .
LAG3 is constitutively expressed at a much greater level on pDCs than any other cell type, yet its functional role on these cells is not well understood. Lag3 -/-pDCs show enhanced in vivo expansion following CpG stimulation when compared with wild-type pDCs, but do not have an altered expression profile of activation markers, including MHC class II and CD80/86, or differential cytokine production, including expression of IFNα (44) . Interestingly, there appears to be a reciprocal homeostatic interplay between Lag3 -/-pDCs and T cells, which proliferate less in their presence as compared to conditions in which they are co-cultured with wild-type pDCs. This provides an additional extrinsic mechanism for the negative regulatory role of LAG3 on T cell homeostasis. In humans, LAG3 + pDCs were found to infiltrate the melanoma environment and interact with HLA-DR-expressing tumor cells in vivo. In vitro it was also shown that MHC class II-expressing melanoma cells could stimulate LAG3 + pDCs to mature and produce IL-6 (64). This was confirmed in vivo with LAG3 + pDCs showing elevated IL-6 production and an activated phenotype in close proximity to melanoma cells. In a separate study, it was shown that increased IL-6 drives the release of CCL2 by monocytes in vitro, which then may recruit myeloid-derived suppressor cells (MDSCs) (65) . Thus, it was hypothesized that LAG3 + pDCs may indirectly drive MDSC-mediated immunosuppression through engagement of MHC class II + melanoma cells.
The role of LAG3 on NK cells and iNKT cells is also not well understood. Proliferation of activated NKT cells is reduced as a result of LAG3 signaling, resulting in cell cycle arrest in the S phase (66) . Moreover, elevated expression of LAG3 was associated with impaired iNKT cytokine production (IFNγ) during chronic HIV infection, but this was not noted on other T cell subsets (67) . Interestingly, PD1 expression levels were not affected. The functional significance of LAG3 on iNKT cells in this scenario is unclear, although a significant percentage (~40%) of this cell type expressed LAG3 in this cohort, which inversely correlated with IFNγ production. Finally, the role of LAG3 on B cells is controversial as analysis has been limited and expression was only reported in a single study (43) .
Role of LAG3 in controlling Autoimmunity
The expression of IRs is necessary to control immune responses, thereby preventing exacerbated T cell activation and the onset of autoimmunity. Indeed, as described above, LAG3 has an important role as a negative regulator and thus LAG3 insufficiency results in the exacerbation of disease in a number of autoimmunity models.
For example, Lag3 -/-NOD mice exhibit a highly accelerated diabetes onset with 100% incidence at a timepoint when wild-type mice were just starting to develop hypoglycemia (68) . Enhanced antigen-specific T cell infiltration into the islets is also evident in Lag3 -/-NOD mice. LAG3 blockade at 7 weeks of age, prior to diabetes onset, also accelerated disease onset. In an in vivo model of colitis, Lag3 -/-T cells co-transferred with wild-type T regs were relatively resistant to suppression, unlike wild-type conventional T cells, thus resulting in a more severe form of colitis demonstrated by histology and enhanced reduction in body weight of the animals (63) . Finally in a model of mercury-induced autoimmunity, LAG3 blockade or genetic ablation resulted in an increased susceptibility to disease as a failure to maintain tolerance (69) .
Although Lag3 -/-C57BL/6 mice do not develop spontaneous disease, Lag3 -/-Pdcd1 -/-mice succumb to a lethal systemic autoimmunity, which was also not evident in Pdcd1 -/-mice (70) . This phenotype provides evidence for a synergistic cooperation between LAG3 and PD1 in maintaining immune homeostasis and preventing autoimmunity.
Role of LAG3 in mediating T cell exhaustion
Although LAG3 limits autoimmunity, sustained co-expression with other IRs (e.g. PD1, TIGIT, TIM3, 2B4, CD160) in tolerogenic environments can result in a state of functional exhaustion, exemplified by lack of proliferation, cytokine secretion and cytolytic activity (10) (11) (12) . Initial studies that assessed the impact of IRs on T cell exhaustion were performed in a lymphocytic choriomeningitis virus (LCMV) clone 13 chronic infection model. During the course of disease, transcriptional analysis defined a distinct subset of exhausted T cells with an elevated expression of IRs (71) . Exhausted CD8 + T cells had a severe defect in cytokine production, which increased over time. LAG3 was found to strongly correlate with the severity of infection, with PD1 co-expression observed on gp33 virus protein-specific CD8 + T cells (72) . Although blockade of LAG3 alone had little effect on the resolution of LCMV, dual LAG3/PDL1 blockade synergized to reduce viral load by reversing exhaustion, thus improving anti-viral CD8 + T cell responses (29) . Elucidating the role of LAG3 during LCMV infection is relevant here because tumors share several common features with chronic infections; i.e. chronic antigenic exposure and the consequent development of dysfunctional, exhausted T cells.
In mice, LAG3 co-expresses with PD1 on tumor-infiltrating CD4 + and CD8 + T cells in melanoma (B16-F10), colon adenocarcinoma (MC38) and fibrosarcoma (Sa1N) tumors (70) . CD8 + T cells expressing both LAG3 and PD1 are also the dominant tumor-infiltrating lymphocyte (TIL) population in CT26, a colon carcinoma in which LAG3 was shown to control T cell proliferation/cell cycle progression -resulting in a state of hypofunction (73) .
LAG3 monotherapy in mice with MC38 and Sa1N tumors was largely ineffective with a small reduction of tumor growth and very limited tumor clearance. Interestingly, dual LAG3/PD1 co-blockade synergistically limited the growth of MC38 and resulted in tumor clearance in 80% of mice (70) . This compared with 40% remission in mice receiving anti-PD1 alone. Likewise, in the Sa1N tumor model, LAG3/PD1 blockade resulted in 70% tumor-free animals, compared to 20% survival with anti-PD1 alone. Increased survival was a result of augmented CD8 + T cell infiltration with enhanced IFNγ production. This profound synergistic cooperativity between LAG3 and PD1 was also evident in Lag3 -/-Pdcd1 -/-mice, which were able to clear large tumor burdens, whereas only delayed tumor growth was evident in the respective single knockout mice (70) .
Synergy between LAG3 and PD1 has also been reported in other tumor models, demonstrating that dual immunotherapeutic efficacy may extend to multiple tumor subtypes. Combinatorial blockade of LAG3 and PD1 synergistically enhanced antitumor immunity in an ovarian tumor derivative of the ID8 model (74) . Dual targeting increased CD4 + and CD8 + T cell infiltration, as well as increasing the frequency of single and double-producing IFNγ + /TNFα + CD8 + T cells in this model. In the EG7 lymphoma model, 100% of mice treated with a combination of anti-LAG3 and anti-PD1 cleared their tumors compared with 50% of mice becoming tumor-free with anti-PD1 alone (74) . Mice only exhibited delayed tumor growth with LAG3 blockade as a monotherapy. In a B16-F10 model of recurrent melanoma, dual targeting of LAG3 and PD1 at the time of relapse resulted in significant tumor regression (75) . Synergistic anti-tumor efficacy was also demonstrated in a murine multiple myeloma model (5T33) following a lymphodepleting dose of whole body irradiation (76) . The rationale for dual blockade in this model was that expression of LAG3 is augmented on CD4 + and CD8 + T cells following whole body irradiation and anti-PDL1 treatment. Here, the combination of anti-PDL1 and anti-LAG3 mAbs resulted in long-term survival of 80% of mice compared with 40% of mice receiving anti-PDL1 alone. As above, the frequency of myeloma-reactive CD8 + and CD4 + T cells was also enhanced following combinatorial therapy. Finally, in an immunotherapeutic model that utilizes a MVA-BN-HER2 poxvirus, which is a DNA virus with an engineered HER2 tumor-associated antigen vector, additional administration of anti-LAG3 and anti-PDL1 mAbs led to complete regression of CT26-HER2 tumors, unlike a combination of MVA-BN-HER2 and anti-PDL1 alone (77) . As in other models, LAG3 expression was upregulated with anti-PDL1 therapy, possibly as a compensatory measure, providing a rationale for combinatorial blockade.
Overall these promising pre-clinical data suggesting a clear synergistic interplay between LAG3 and PD1 has prompted the analysis of human tumor samples for expression of these IRs and their impact on intratumoral T cell function, and have paved the way for clinical trials of combinatorial immunotherapeutic regimens.
Translational Relevance
In many human patient tumor samples, LAG3 co-expression with PD1 correlates with a state of T cell dysfunction. For example, in ovarian cancer, tumor-infiltrating NY-ESO-1 specific CD8 + T cells expressed high levels of PD1, with some co-expressing LAG3 (78) . These cells displayed an exhausted phenotype with a reduced capacity to produce IFNγ and TNFα. In vitro dual blockade of both IRs improved proliferation and cytokine production (IFNγ) of these tumor-specific CD8 + T cells, which was not augmented by blocking LAG3 or PD1 alone. Likewise, antigen-specific T cells (Melan-A/MART-1) isolated from melanoma patients' metastases expressed elevated levels of LAG3 amongst other IRs (CTLA4, TIM3) as compared to expression on peripheral blood lymphocytes (79) . PD-L1 + melanomas also co-expressed LAG3 + TIL, providing strong evidence that up-regulation of this IR could mediate an escape mechanism from PD1 therapy, in which resistance might possibly be overcome with the addition of LAG3 blockade (80) . Compared to peripheral blood, hepatitis B virus (HBV)-specific CD8 + TIL isolated from hepatocellular carcinoma (HCC) patients exhibit a significant up-regulation of LAG3, with consequent functional deficiencies, such as reduced IFNγ production (81) . In colon cancer, LAG3 was also expressed at higher levels in microsatellite instability (MSI) tumors, compared with microsatellite stability (MSS) tumors, which are more amenable to checkpoint blockade (82) . LAG3 is also highly expressed on T regs found in peripheral blood, tumor-involved lymph nodes and within tumor tissue isolated from patients with advanced (stage III and IV) melanoma and colorectal cancer (83) . Moreover, a correlation was shown between LAG3 + T regs and production of immunosuppressive cytokines (IL-10, TGF-β1) at these sites, versus LAG3-negative cells (83) . These LAG3 + T regs display a terminal-effector (CD45RA + CCR7 -) phenotype, and proliferate less than their LAG3-negative counterparts (83) .
In head and neck squamous cell carcinoma (HNSCC) patients as well as NSCLC patients, LAG3 is also preferentially expressed on tumor-infiltrating T regs (84, 85) . Another study with a colorectal cancer cohort showed that there was a prevalent intratumoral population of CD4 + Foxp3 -cells that expressed LAG3, likely human Tr1 cells, which produced high levels of IL-10 and TGF-β and were in significantly more suppressive than the corresponding CD4 + Foxp3 + T regs (86) . Interestingly, these LAG3 + IL-10 + CD49b + Foxp3 -Tr1 cells have been associated with progression of colorectal cancer (87) . Therefore, LAG3 contributes towards immunosuppression within the tumor microenvironment, and this suppression is mediated by LAG3 + T regs and also by non-Foxp3 regulatory populations. In hematological malignancies, Lag3 mRNA has been demonstrated in chronic lymphocytic leukemia (CLL) patients to be a prognostic marker, possibly relating to pathogenesis, but only in patients with unmutated IGHV (Immunoglobulin Variable Heavy Chain Region) (88, 89) . Taken together, these multiple analyses of human tumor samples suggest that LAG3 may be a viable candidate for targeted monotherapy, and has significant promise in combinatorial therapeutic approaches along with anti-PD1.
Clinical Development of LAG3 Targeted Immunotherapy
There are currently four LAG3 modulating agents that have entered the clinic as anti-cancer therapeutics, with several more in preclinical development. Initial LAG3-driven clinical trials focused on a first-in-class agent, IMP321 (Prima BioMed/Immutep) designed as an APC activator. Three different LAG3-specific mAbs have been developed for the treatment of cancer; BMS-986016 (Bristol-Myers Squibb, fully human IgG4), LAG525 (Novartis, humanized IgG4) and MK-4280 (Merck). Table 1 summarizes current clinical studies involving LAG3-targeted immunotherapy that have either been completed, in progress or are currently recruiting participants (ClinicalTrials.gov). In addition, it should be noted that a fourth anti-LAG3 antagonistic mAb (GSK2831781) developed by GlaxoSmithKline was designed to deplete LAG3 + expressing cells in patients with autoimmune diseases; this agent is in clinical trials for patients with plaque psoriasis (NCT02195349). While this agent will not be further discussed here, it serves to highlight that LAG3 modulating therapeutics could have applications beyond cancer.
Early clinical studies with IMP321
Although current clinical work focuses on the development of antagonistic mAbs, initial LAG3-driven clinical trials centered on IMP321, a soluble dimeric recombinant protein consisting of four LAG3 extracellular domains fused to the Fc portion of human IgG1 (LAG3-Ig). This fusion protein was intended as a LAG3 antagonist but its clinical development has more recently been re-focused on its use as an immune adjuvant to activate APCs. This re-focusing was based on the observation that LAG3-Ig interaction with MHC class II on human immature DCs induced the up-regulation of CD80/CD86, secretion of IL-12 and TNFα, and promoted morphological changes such as the formation of dendritic projections (90, 91) . LAG3-Ig stimulation of DCs also induced a distinct pattern of chemokines (CCL22, CCL17) allowing migration to secondary lymphoid organs for priming of naïve CD4 + and CD8 + T cells (92) . Additionally, in this study, cross-linking with anti-MHC class II antibodies did not result equivalent maturation, suggesting that LAG3-Ig results in a distinct downstream effect. In addition, LAG3-Ig induced CCR7 surface expression and consequent chemotaxis studies indicated that this would direct migration to draining lymph nodes (92) . Clinical grade LAG3-Ig (IMP321) binding to 10% of MHC class II + human PBMCs stimulated myeloid cells to produce TNFα and CCL4 (93) . In turn, a minority of CD8 + T cells (~1%) produced IFNγ and/or TNFα as a result of DC activation. Therefore, it was hypothesized that IMP321 may act as an immunopotentiator to activate CD8 + T cells via maturation of DCs and could be used as a viable cancer immunotherapeutic approach.
The first-in-man phase I dose-escalation of IMP321 as a monotherapy was performed in patients with advanced metastatic RCC (NCT00351949) (94) . In this study, 21 patients were treated with IMP321, administered biweekly as a subcutaneous dose ranging from 0.05mg to 30mg for a total of six injections. IMP321 monotherapy was safe, well-tolerated and demonstrated significant induction of effector-memory T-cells expressing CD28. Although no objective responses were reported, 7 out of 8 patients did experience stable disease with higher doses of IMP321 (>6mg) as compared to only 3 out of 11 patients with the lower dose group (<6mg), which associated with significantly less tumor growth. Taken together, these tolerability data, and the modest yet favorable signal for the activity of IMP321 monotherapy provided a rationale to combine the agent with first-line chemotherapy or other immunotherapies, such as cancer vaccines, in order to enhance overall anti-tumor activity. Indeed, based on these findings, two chemo-immunotherapy trials were initiated in advanced pancreatic cancer (NCT00732082) and metastatic breast cancer (NCT00349934).
The first clinical trial of IMP321 in the United States, as a single-center phase I doseescalation study at Washington University, evaluated the safety of IMP321 combined with gemcitabine (100mg/m 2 ) as front-line therapy in a cohort of 18 patients with advanced pancreatic adenocarcinoma (95) . Chemotherapy can induce tumor cell apoptosis releasing antigens, and since IMP321 stimulates the maturation of DCs, this combination was hypothesized to enhance CD8 + T cell expansion and recognition of tumors. IMP321 was administered via subcutaneous injection on day 2 and 16 of a four-week cycle for a total of 6 months. As with the monotherapy, the combination of gemcitabine and IMP321 was considered to be well-tolerated at all dose-levels and no severe adverse events were attributed to IMP321. However, there was no significant immunomodulation of CD11b + CD14 + monocytes, CD11b + CD11c + conventional DCs, or CD8 + or CD4 + T cell subsets (including CD4 + CD25 + Foxp3 + T regs ) when comparing pre-and post-treatment parameters by flow cytometry. The lack of dose-effect from a toxicity and immunological standpoint suggested that IMP321 dosing was suboptimal and the authors recommended that future studies explore higher dose levels.
The combination of IMP321 and Paclitaxel as first-line chemo-immunotherapy was assessed in 33 patients with metastatic breast cancer (NCT00349934). In this Phase I, nonrandomized fixed-dose escalation study, patients were treated with a combination of paclitaxel (80mg/m 2 , day 1, 8, 15 every 28 days) and soluble IMP321 delivered every two weeks the day following chemotherapy (day 2 and 16 every 28 days) for a total of six cycles (46) . Three cohorts of patients were treated, each with an increasing dose of IMP321 administered as 0.25mg, 1.25mg and 6.25mg via subcutaneous injection. Among the 30 patients who received all six cycles of IMP321, there were no significant local or systemic IMP321-related adverse events. Further, there were significant and durable immunological effects observed with this regimen, which appeared to correlate with favorable clinical outcomes, compared with a historical control group (Paclitaxel alone). Indeed, patient sera collected at pre-treatment and post-treatment (day 1, 85 and 170) demonstrated phenotypic changes in both primary and secondary target cells. There was an absolute and proportional increase in MHC class II-expressing APCs (both monocytes and DCs) and monocytes were significantly more activated at higher IMP321 doses for at least three months (day 85, compared to day 1). Furthermore, as regards to secondary target cells, there was an absolute increase in the NK cell and CD8 + T cell populations; among the CD8 + subset there was a proportional enhancement of cells with a terminally differentiated effector memory phenotype (CD62L − CD45RA + ). There was a 50% objective tumor response at the end of IMP321 treatment and decreased tumor size correlated with an increase in the absolute number of monocytic cells. Finally, after six months, 90% of patients demonstrated clinical benefit, overall -again comparing favorably with historical controls. Given these results, a phase II multi-center double-blinded randomized trial was opened in 2015 with a target enrollment of 211 patients with metastatic hormone receptor-positive breast cancer (NCT0261483). The 1:1 randomization will compare paclitaxel in combination with IMP321 versus paclitaxel plus placebo with a primary endpoint of progression free survival (PFS). Immunologic correlative studies include assessment of tumor-infiltrating immune cell activation status and tumor cell molecular profiling obtained from archival tumor tissue.
There are a number of clinical trials which are actively exploring the role of IMP321 as an immunologic adjuvant in advanced melanoma. IMP321 has also been developed as a vaccine adjuvant, combining Montanide ISA51 VG (mannide monooleate surfactant and mineral oil) with various tumor-specific peptides, including Melan-A and NY-ESO-1 to activate tumorspecific CD8 + T cells, as well as Mage-A3 to elicit a helper CD4 + T cell response (96) . A four-armed phase I/II trial initiated in 2006 set out to determine the cytolytic T-lymphocyte (CTL) response and toxicity profile of several HLA-A2 peptides administered alone or in combination with immunologic adjuvants, IMP321 or Montanide (NCT00365937). A CTL response was defined as a 10-fold increase in the frequency of circulating CTLs. The HLA-A2 peptide cocktail consisted of eight peptides injected intradermally or subcutaneously in two sites every three weeks on five occasions: MAGE-1.A2, MAGE-3A.2, MAGE-4.A2, MAGE-10.A2, MAGE-C2.A2, NA17.A2, Tyrosinase.A2 and NY-ESO-1.A2. There was a target enrollment of 28 patients with seven patients per treatment arm; however, this study was terminated early after enrolling 19 patients due to new regulations initiated by the pharmaceutical company associated with the HLA-A2 melanoma-associated peptides.
In a similar cancer vaccine approach, advanced (stage IV) melanoma patients were treated in a Phase I trial with MART-1 peptide vaccination, with or without IMP321 to investigate potential synergy of adoptive T-cell transfer and immunomodulation (97) . Eligible patients were HLA-A2 positive with tumor expression of MART-1 and Melan-A who had progressive disease following treatment with melan-A peptide vaccination. In this study, 12 HLA-A2 positive patients with measurable pre-treatment endogenous anti-MART1 CD8 + Tcell responses underwent leukopheresis prior to lymphodepletion with cyclophosphamide and fludarabine. Subsequently, these patients underwent autologous adoptive transfer with reinfusion of harvested PBMCs delivered in combination with MART-1 peptide vaccination in the presence or absence of IMP321. The investigators hypothesized that adjuvant IMP321 would elicit more robust anti-tumor immunity and result in expansion of MART-1-specific CD8 + T cells. Indeed, among the six patients treated with IMP321, there was significant enhancement of the effector phenotype of MART-1-specific CD8 + T cells, which further correlated with increased functionality as measured by effector cytokine production. Furthermore, analysis of MART-1 specific CD8 + T cells among patients treated with IMP321 demonstrated decreased expression of exhaustion markers, including: PD1, LAG3, TIM3, 2B4 and CD160. In addition to superior antigen-specific CTL responses and functionality, immunization with IMP321 was noted to selectively restrain expansion of T regs suggesting the relative increase in the CD8 + effector to T reg ratio may in part explain the favorable immunological responses observed with IMP321. Unfortunately, despite the induction of seemingly potent anti-tumor immunity, only one of six patients in this study achieved a transient partial response -underscoring the need for further optimization.
Across trials, clinical and immunological outcomes of IMP321 treatment have been variable and interpretation of these results is complicated by slow accrual in several trials. While some of these differences are attributable to trial design and IMP321 dosing/administration, it is also plausible that important differences in biology and tumor histology underlie this heterogeneity in clinical outcomes. Indeed, in patients with metastatic breast cancer, IMP321 appeared to have some evidence of activity, which is surprising in light of the notion that breast cancer is a weakly immunogenic tumor type.
The recently opened phase I TACTI-mel (TwoACTive Immunotheraputics in melanoma) trial highlights the concept of targeting different mechanisms of action by using IMP321 as an "APC activator" in combination with immune checkpoint inhibition to release the putative "brakes" on T cell function in order to augment anti-tumor immune responses. This trial, which was initiated in 2016, is specifically evaluating the combination of IMP321 with Pembrolizumab in patients with unresectable or metastatic melanoma (NCT02676869). This study will primarily assess the safety profile of this combination, but it is anticipated that the addition of IMP321 may improve the objective response rates as compared with PD1 blockade alone.
Taken together, IMP321 has demonstrated minimal activity as a monotherapy and there has been modest success with IMP321 when combined with cytotoxic chemotherapies and vaccine-based strategies. Ultimately, larger, well-controlled randomized studies exploring IMP321 in combination with cytotoxic chemotherapy or with immune checkpoint inhibitors are needed to validate this strategy. Alternatively, the advent of mAb-based immune checkpoint blockade has transformed the treatment landscape in several malignancies. As previously discussed, substantial preclinical data suggest that blockade of LAG3 enhances anti-tumor immune responses and there is evidence of synergy when combined with PD1 blockade. These studies have provided ample rationale to translate this approach in humans and mAbs targeting LAG3 are now actively being explored clinically.
Targeting LAG3 with antagonistic monoclonal antibodies
While objective clinical responses have been observed with PD1/PDL1-targeted therapies across a variety of tumor subtypes, the majority of patients fail to respond and only a small proportion of patients achieve durable responses and long-term survival in most tumor types. As such, dual immune checkpoint blockade and combinatorial immunotherapy are being extensively explored in order to improve response rates, PFS and overall survival (OS). While experience with metastatic melanoma has demonstrated improved efficacy with the combination of CTLA4 and PD1 blockade, these clinical benefits have come at the expense of increased toxicity with a corresponding increase in the proportion of patients that exhibit serious adverse events (98) . As such, there is growing emphasis on testing new strategies and evaluating novel combinations of immune checkpoint inhibitors that increase efficacy but without substantially increasing toxicity, with considerable interest in PD1/LAG3 combinations ( Table 1) .
BMS-986016 was the first anti-LAG3 mAb to be developed, and it is currently being evaluated in several phase I and phase II trials in a variety of solid and hematological malignancies. The initial phase I/IIa trial launched by BMS in 2013 aimed to evaluate the efficacy of LAG3 blockade as a monotherapy or in combination with Nivolumab among patients with advanced malignancies (cervical, ovarian, bladder, colorectal, HPV-positive HNSCC, gastric, hepatocellular, RCC) who were naïve to immune-oncology agents (NCT01968109). NSCLC patients were allowed to be enrolled and treated per protocol as a first-line treatment or if they had progressed while on anti-PD1/PDL1 or anti-CTLA4 therapy. The primary endpoint of this study was safety and tolerability and to determine the maximum tolerated dose in order to inform dosing for the phase IIa cohort-expansion portion of this trial. The investigators aim to enroll 360 patients with an estimated completion date in 2018. A nearly identical phase I/IIa trial will explore the safety and tolerability of LAG3 blockade with BMS-986016 with or without Nivolumab in the setting of refractory or recurrent B-cell malignancies including non-Hodgkin lymphoma, CLL, Hodgkin lymphoma and multiple myeloma (NCT02061761). Given that PD1 blockade is rapidly becoming a standard of care (SOC) in the NSCLC anti-cancer armamentarium, the FRACTION-Lung study has set out to identify new agents that synergize with Nivolumab to improve objective response rates and PFS (NCT02750514). This phase II trial, with a target enrollment of 504 patients, will randomize patients to either Nivolumab monotherapy, Nivolumab in combination with BMS-986016 or Nivolumab in combination with desatinib. Finally, while immune checkpoint inhibition is in its infancy for primary central nervous system tumors, a recently initiated phase I trial is testing BMS-986016 as a monotherapy or in combination with Nivolumab among patients with progressive or recurrent glioblastoma/ gliosarcoma following chemoradiation plus temozolomide or following re-resection with measurable residual disease post-operatively (NCT02658981).
A second humanized IgG4 anti-LAG3 mAb has been developed by Novartis (LAG525) and is also currently in Phase I/II clinical development to determine its safety and pharmacokinetic profile. This trial administers this agent as a monotherapy or in combination with a novel anti-PD1 inhibitor (PDR001) (NCT02460224). Initially, a doselimiting toxicity study of LAG525 will be performed in patients with advanced/metastatic solid tumors (NSCLC, RCC, melanoma) to determine the maximum tolerated dose. A second Phase II trial will involve a dose expansion phase of LAG525 or the LAG525/ PDR001 combination to assess the overall response rate in these patients. As part of this study, biomarker analysis, including correlation of PDL1 expression with clinical outcomes, and mRNA profiling of IFNγ-related genes will be performed. Further, evaluation of humoral immune responses including the potential emergence of anti-LAG525 antibodies will be assessed as secondary outcomes.
Merck has also recently entered phase I clinical testing of their mAb against LAG3 (MK-4280). Similar to several clinical trials discussed above, the investigators aim to evaluate the safety and tolerability of this agent as a monotherapy or combination with PD1 blockade (Pembrolizumab) in a dose-escalation cohort of 70 patients with metastatic solid tumors (NCT02720068).
Other mAbs and novel reagents targeting LAG3 are also at various stages of pre-clinical development. Tesaro, in collaboration with AnaptysBio, has developed an anti-LAG3 monospecific antagonist mAb (TSR-033), which will be entering Phase I clinical trials shortly. To capitalize on the enhanced efficiency of dual LAG3 and PD1 blockade in preclinical models, a number of bispecific anti-LAG3/PD1 antagonistic mAbs are being developed. One approach by Tesaro, partnered with AnaptysBio, utilizes a somatic hypermutation/mammalian cell system platform (SHM-XEL) that couples antibody libraries with in vitro somatic hypermutation in mammalian cells to generate high affinity antibodies (99) . Similarly, MacroGenics has developed a bispecific agent that simultaneously binds LAG3 and PD1 (MGD013), generated using their Dual-Affinity Re-Targeting (DART) platform, this agent is currently under clinical testing. This technology, previously used for the generation of a CD19/CD3 DART protein designed to redirect T cells to eliminate CD19-expressing cells in hematological malignancies, covalently links two polypeptide chains between the variable domains of the two antibodies by a disulphide bridge, with a short linker connecting the binding domains to promote heterodimerization (100) . Several other companies are developing their own novel reagents for targeting LAG3, attesting to the broad interest in the LAG3 pathway.
In summary, clinical trial development of antagonistic LAG3 mAbs was initially cautious but has expanded considerably recently, based in part on preclinical evidence supporting promising synergy with PD1 blockade (70) . Thus it is likely that over a thousand patients with a variety of solid and hematological malignancies will be enrolled in clinical protocols exploring LAG3-based immune checkpoint blockade in the coming years. Given the success of CTLA4-and PD1/PDL1-targeted therapeutics in cancer, there is considerable interest in the outcome of the growing number of clinical trials with LAG3 therapeutics. As LAG3 is essentially the third IR to be targeted in the clinic, the outcome of these trials could significantly increase or dampen enthusiasm for subsequent targets in the pipeline (TIM3, TIGIT, etc.). Only time will tell if LAG3 continues to lag behind. The cytoplasmic domain of the species indicated is shown. Boxes: Blue = potential serine phosphorylation site; Green = 'KIEELE' motif region; Red = 'EP' repetitive motif. Residues: Red = EP residues within the EP motif region; Blue = conserved residues (100%); Purple = semi-conserved residues (>85% -25/29); Green = dominant residues (>60% -18/29). Table 1 Clinical Studies of LAG-3 targeted immunotherapy. Table represents Immunol Rev. Author manuscript; available in PMC 2018 March 01.
